The Familial Intracranial Aneurysm (FIA) Study is a multicenter international study with 41 recruitment sites in North America, Australia, and New Zealand. The detailed methodology of the FIA Study has been published previously. 9 The overall goal of the study is to identify genetic and other risk factors for the formation and rupture of IAs. The FIA study was approved by the Institutional Review Boards/Ethics Committees of all recruitment and analytic sites.
I
ntracranial aneurysm (IA) location is important because of its association with rupture risk. 1, 2 Previous reports noted family members with IAs in similar locations and twins with IAs in identical locations. [3] [4] [5] [6] [7] [8] These data suggest that there may be heritable susceptibility to IA location. We tested the hypothesis that anatomic susceptibility to IA location exists using a large multicenter family-based IA study. Data for 547 families who reported multiple members affected with IA were collected. A family could span several generations, and participants who enrolled in the study included both affected and nonaffected subjects. For each potentially affected subject, an IA screening interview was performed, which included symptoms, the specialty of the physician who treated the subject, diagnostic tests, and treatment (if any) for each IA. Subjects who at study entry reported having had an IA completed more detailed interviews that included items on medical history and risk factors for IA, such as smoking use.
After medical record review was performed to verify cases of IA, the structures of enrolled families were examined to determine whether they met criteria for FIA: (1) ≥2 living affected siblings. (2) ≥2 affected siblings, 1 living and another whose genotype could be reconstructed through the collection of closely related, living family members. (3) ≥3 affected family members, not necessarily siblings (eg, parents or grandparents, children, uncles, aunts, cousins), with at least 2 living family members with living connecting relatives. (4) ≥3 affected family members, 1 living and at least 1 whose genotype could be reconstructed through the collection of closely related, living family members. Families did not meet FIA status if informed consent or medical records could not be obtained from sufficient family members to satisfy 1 of the 4 criteria listed above. Subjects with fusiform-shaped unruptured IA of a major intracranial trunk artery, or IA that is part of an arteriovenous malformation, as well as families with a family history of polycystic kidney disease, Ehlers Danlos syndrome, Marfan syndrome, fibromuscular dysplasia, moyamoya disease, or sickle cell disease were excluded.
Medical record review was performed by a verification committee consisting of study neurologists from the University of Cincinnati and the Mayo Clinic to determine whether IAs were present in subjects reported to be affected. Each subject was phenotyped with regard to IA as definite, probable, possible, or not a case, per strictly defined criteria. The location of all IAs, if known, was recorded. Two study neurologists independently reviewed the records, and any disagreement was arbitrated independently by a third neurologist who was blinded as to the determinations of the 2 prior neurologists. For subjects who underwent FIA study imaging, 2 study neuroradiologists at the Study Imaging Center at Mayo Clinic in Rochester, MN, independently reviewed the images, and any discrepancy that could not be resolved by consensus was resolved by a third neuroradiologist.
The 4 IA phenotypes are defined as follows: Definite: IA≥7 mm in diameter documented on cerebral angiogram, operative report, autopsy; or noninvasive imaging report, such as MR or computed tomography angiography. Probable: IA between 3 mm and 7 mm per noninvasive imaging study; or a death certificate that notes an IA without supporting documentation or autopsy, or notes a subarachnoid hemorrhage without mention of IA and symptoms recorded on the IA screen are consistent with ruptured IA (severe headache or altered level of consciousness rapidly leading to death). Possible: IA between 2 mm and 3 mm per noninvasive imaging report; a death certificate that notes a subarachnoid hemorrhage without supporting documentation, autopsy, or IA screen verification of headache or altered level of consciousness; or a death certificate that lists aneurysm without specifying cerebral location or accompanying subarachnoid hemorrhage. Not a case: No evidence of IA based on review of medical records; medical records not available; or affected subject who refused to participate.
Results of medical record review confirmed that 401 families met FIA criteria. Insufficient information was available to confirm FIA status among the 146 remaining families. In 19 of those 146 families, 2 family members were confirmed with definite, probable, or possible IAs; 1 member was confirmed in 112 families, and records were unavailable to verify any affected family members in 15 families.
Subject selection for the present analysis was restricted to definite or probable phenotypes. Within each family structure, the affected subject who had the greatest number of affected first-degree relatives (FDRs), that is, siblings, parents, or offspring, was designated as the proband, and the probands and their affected FDRs were included in the analysis. Each IA was classified into 1 of 4 major arterial territories: internal carotid artery (ICA), middle cerebral artery (MCA), anterior cerebral artery (ACA), and vertebrobasilar system (VB). Side of IA (left or right) was not considered in this analysis. IAs whose location was unknown, because of a medical report or death certificate that mentions aneurysmal subarachnoid hemorrhage or IA but does not indicate the location of the IA, are excluded from the analysis.
IAs that occurred in the posterior communicating artery, ophthalmic artery, anterior choroidal artery, cavernous ICA, and distal ICA were subsumed under the ICA territory. The ACA territory included the anterior communicating and pericallosal arteries. The VB territory included the basilar tip as well as arteries such as the anterior inferior cerebellar artery, posterior inferior cerebellar artery, superior cerebellar artery, and posterior cerebral artery.
Statistical Methods
The statistical analysis used a logistic events/trials model with family as the unit of analysis. For each family unit, the total number of affected FDRs represented the trials, and the number of affected FDRs who had IAs in the same territory as the proband represented the events. For example, in a hypothetical family unit with a proband and 3 affected FDRs, the proband, FDR1, and FDR2 all had IAs in the ICA territory; the number of events was 2 out of 3 trials. The resulting proportion, 0.667, was considered a measure of concordance for the ICA territory. Events, trials, and proportions of concordance were determined separately for the ICA, MCA, ACA, and VB territories. In addition, a total concordance for each family unit was calculated based on the proportion of FDRs who had IAs in any of the same territories as the proband. For example, in a hypothetical family unit with a proband and 4 FDRs, the arterial territories were ICA and MCA for the proband, VB for FDR1, ICA and ACA for FDR2, ACA for FDR3, and MCA for FDR4; 2 of the FDRs had IAs in the same territory as the proband (FDR2's ICA and FDR4's MCA), and thus the total concordance proportion for that family unit was 0.5, that is, 2 events out of 4 trials.
Each family unit was matched to an unrelated family selected randomly with replacement from the set of families whose proband did not have IAs in the same territories as that of the index proband. This sampling strategy was necessary to avoid biased comparison estimates attributable to dilution of the comparison effect that would occur if index probands were matched to randomly selected probands who had an IA in the same location. Territory-specific and total concordance proportions between the index proband and the randomly selected family were calculated as the number of FDRs in the randomly selected family who had an IA in the same territory as the index proband divided by the total number of FDRs in the randomly selected family. This process is demonstrated in the Figure. Because the numbers of affected FDRs (not including the proband) ranged from 1 to 5, the events/trials model was used to properly weight the analysis based on the size of the family unit. The method of analysis was conditional logistic regression, with the matched pairs used as strata. To assure a robust analysis, the matched-pairs logistic models were simulated 1001 times. The median concordance proportions, odds ratios, and P values from the 1001 logistic regression analyses were used to represent the final results of the analysis.
Results
Among the 401 families that met FIA criteria, 5 families that met the criterion of ≥3 affected family members (which did not require FDRs) could not be included in the analysis because of lack of affected FDRs. Families were also excluded if only the proband remained after applying exclusion criteria: 30 were excluded because of possible phenotypes, 29 because of deceased affected FDRs with unknown IA location, and 18 because of living affected FDRs with unknown IA location. One family could not be used in the analysis because its proband had IAs in all 4 arterial territories, which rendered it impossible to find a matching family unit. The 19 families with 2 affected members but who did not meet the FIA strict inclusion criteria for FIA yielded 5 additional affected FDR pairs for inclusion, yielding a total of 323 family units available for the analysis.
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Among the 323 probands, 228 had 1 affected FDR, 70 had 2 FDRs, 21 had 3 FDRs, 3 had 4 FDRs, and 1 had 5 FDRs. With regard to race, 288 probands were white non-Hispanic, 11 were white Hispanic, 12 were black, 4 were Asian, 1 was Asian Hispanic, 1 was Native American, 1 was Native American Hispanic, 2 were Pacific Islander, and 3 were of >1 race. The 323 probands had a total of 486 IAs and the 448 FDRs had a total of 690 IAs in known locations. Some subjects had multiple IAs in the same arterial territory and some had IAs in more than 1 territory. Among the probands, 161 (49.8%) had at least 1 IA in the ICA territory, 120 (37.2%) in the MCA, 80 (24.8%) in the ACA, and 47 (14.6%) in the VB. Among the FDRs, 222 (49.6%) had at least 1 ICA IA, 170 (37.9%) had at least 1 MCA IA, 119 (26.6%) had at least 1 ACA IA, and 61 (13.6%) had at least 1 VB IA.
The breakdown of proband and FDR IAs by location and rupture status is shown in Table 2 . Affected FDRs are dichotomized into those with an IA in the same territory as the proband versus those whose IAs were in a different territory. More probands than FDRs were women, whereas rupture was more common in FDRs.
The results of the logistic regression analysis are shown in Table 3 . Concordance between the index proband and FDRs was higher in the ICA, MCA, and VB distributions for the true family compared with the comparison family. Concordance in the ACA was not different between the groups. When any location was considered, concordance was higher in the true family than in the comparison family.
Discussion
In a highly enriched sample with familial predisposition to IA development, we found that IA territorial concordance was higher when probands were compared with their own affected FDRs than with comparison family FDRs, which suggests that anatomic vulnerability to IA formation is heritable.
The MCA, ICA, and VB territories demonstrated significantly higher concordance proportions, whereas the ACA territory did not. Both the odds ratios and the concordance proportions are of some interest. For instance, although the odds ratio was highest for the VB distribution, the proportion of affected FDRs with VB IAs was only about 1 in 4. Thus, although the odds ratio suggests a strong heritable component, the concordance proportion suggests that 3 out of 4 affected FDRs will not have VB IAs. The concordance proportions were higher for the ICA and MCA distributions, but the corresponding odds ratios were lower for the VB distribution. The reasons for the lack of signal in the ACA distribution are unclear. Previous work has suggested that risk factors vary according to IA site. 10 One possibility is that genetic variation confers biologic vulnerability by location differentially in response to environmental risk factors.
Studies that examine IA location among affected FDRs are scarce and are typically case reports. [3] [4] [5] [6] [7] [8] One study investigated the association of single nucleotide polymorphisms on 9p21 with IA location and found that posterior communicating artery and posterior circulation IAs had stronger associations than the anterior circulation group. 11 Recent genomewide association studies have identified loci associated with IA, 12-14 but these studies did not stratify by IA location, and this is an unexplored avenue of investigation. 15 This study represents the first large-scale attempt to explore IA territory concordance among FDRs, includes >300 affected families, and utilizes the largest study of FIAs. There are several limitations to this work, however. The first is that phenotype verification for the FIA study is based on reports rather than images. IAs may therefore be mislabeled or miscalled. A related limitation is that, because we have limited imaging data, we are unable to comment on whether specific anatomic or hemodynamic variations have an impact on IA location. Because of the nature of the analysis, IAs for which the report did not document location were necessarily excluded. Additional data would have increased our power, but it is unclear how this would have affected our findings. To stratify the analysis by arterial location, it was necessary to group by major arterial distribution rather than by individual artery to have sufficient sample size. Because not all family members necessarily agreed to participate, additional affected family members were not included in the analysis, and how their inclusion would have affected the concordance proportions is unclear. Because the data represent a snapshot in time, we do not know whether affected subjects later developed additional IAs, whether unaffected family members later developed IAs, whether unruptured IAs later ruptured, or how any subsequent changes in IA status would affect our findings. A further limitation is that with the family unit as the unit of analysis, we were unable to incorporate risk factors for IA formation into the model. Finally, only affected subjects were included, which limits the interpretation of our findings because we can cite concordance proportions and odds ratios for FDRs only if they are already affected. We cannot predict whether an unaffected 
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FDR will become affected or predict the arterial distribution of a future IA based on the present analysis. IA formation and rupture are complex processes associated with various environmental and genetic factors. This study supports the hypothesis that heritable predisposition for IAs in the same arterial territory within families exists. Future studies of IA genetics should consider adding location of IAs into their analyses.
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